Parametric plots of the remagnetization versus demagnetization remnances were found for four metallic ferromagnets -nickel wire, two types of AlNiCo, and samarium cobalt 2:17. These plots, known as Henkel plots, were compared to Wohlfarth's model for noninteracting magnetic particles and several Preisach models. The remagnetization data were taken with a variety of paths to the net zero magnetization state. The resulting Henkel plots exhibit similarities to independent Monte Carlo simulations. The differences can be mostly explained by considering that the magnetization in the metallic ferromagnets occur by domain wall motion.
Introduction
Parametric plots of the remagnetization remnance versus demagnetization remnance, commonly known as Henkel plots, previously have been used to explore interactions in a variety of magnetic systems [1, 2, 3, 4] . They are typically compared to Wohlfarth's prediction [5] for DC, AC, and thermally demagnetized samples based on noninteracting particles with uniaxial anisotropy at zero temperature. Prior research found that the Henkel plots for particulate media depended upon the zero magnetization state starting point for the remagetization remnance [6] . Following this, researchers developed several Preisach models including a classical Preisach model (PM), moving Priesach model (MPM), and complete moving hysteresis model (CMH) to include the effects of the initial zero magnetization state [1, 3, 4, 6, 7] .
Most of this research has been focused on particulate magnetic systems ignoring metallic systems. To explore the similarities and differences between particulate and metallic systems, we have undertaken an investigation of the metallic ferromagnets AlNiCo 2, AlNiCo 5, samarium cobalt 26 (SmCo) 2:17, and nickel.
We used three distinct paths to obtain the required zero magnetization state for AlNiCo 2 and AlNiCo 5, and four for SmCo and nickel. One of the four paths to net zero magnetization was AC demagnetization, created by applying a saturating AC field that decreases in magnitude with time. This process is expected to behave like thermal demagnetization as the number of AC oscillations approaches infinity [3] . Another net zero magnetization state was DC demagnetization. This state is created by first applying a saturating field and then reversing the field direction until zero magnetization is reached. With this DC demagnetization state as the starting state, two different remagnetization paths were explored: applying the original saturating field either aligned or antialigned with the defined positive direction. Finally, for the SmCo and Ni, we used thermal demagnetization by raising the sample above its Curie temperature and then cooling in zero field to produce a statistically random state.
We compare our results with the various models developed to predict Henkel plots of particulate systems. We find that our metallic ferromagnets exhibit significant similarities to Wohlfarth's simple model and the Preisach models. In what follows, we will discuss these models, our experimental procedures, and present our experimental results and discussion.
Theory
Wohlfarth developed a relationship between the demagnetization remanence and remagnetization remnance magnetizations in a set of noninteracting single domain particles, with uniaxial anisotropy [5] . He predicted a simple relationship for a statistically random sample given by:
where I AC D (H) is the AC demagnetization remnance, I R (∞) is the remagnetization remnance at saturation, and I R (H) is the remagnetization remnance. The normalization by I R (∞) limits the demagnetization (remagnetization) remnance to be between -1 and 1 (0 and 1).
For the DC demagnetized state, the relationship between demagnetization remnances I DC D and remagnetization remnances I R for a particulate system is also simple:
where I D is the demagnetization remnance, I R is the remagnetization remnance, and H 0 refers to the effective saturation (the latter occurs at a smaller magnitude of field than saturation). In his original paper, Wohlfarth only mentions one type of DC demagnetization. However, the original saturating field can be applied either aligned or antialigned with the defined positive direction; Wohlfarth did not discuss possible differences between these two and in our work we measured both remagnetization remanences. Because Wohlfarth did not take interactions into account, other models, such as the aforementioned PM, MPM, and CMH models were developed to better describe real systems with interactions. The Classical PM describes a system having a Gaussian distribution for both the critical field distribution and interaction field distribution [4] . The MPM describes a system with a moving parameter α, which describes the effect the sample's magnetization has on itself [8] . Finally, the CMH computes the reversible and irreversible magnetization components and their relationship to each other [4] . Although Wohlfarth did not consider interactions, the simplicity of Wohlfarth's relations contribute to its continued popularity.
Experimental Methods
For the studies, fourteen samples were machined from stock, from there we obtained similar results within a sample and therefore only reported four for clarity. AlNiCo 2 and 5 were produced by a combination of milling with a carbide ball endmill and sanding to rectangular prisms of dimensions 0.25 × 0.25 × 1.27cm 3 and 0.127 × 0.127 × 1.02cm 3 , respectively. The SmCo was produced by sanding to a rhomboid of approximate size 0.20 × 0.254 × 1.27cm 3 at its points. Nickel wire of length 1.67 with a diameter of 0.076 cm was used.
The initial magnetization state for all measurements was set by applying a magnetic field sufficient to saturate the sample. In the case of the AlNiCo samples the field was 9 kOe, the SmCo saturation field was 17 kOe, and for Nickel the field was 700 Oe. The DC demagnetized state was prepared by applying a saturating field followed by a field antiparallel to the original direction of saturation. The antiparallel field magnitude was increased to slightly above the coercive field (a sample dependent value), and returned to zero field. As mentioned, two DC remagnetization paths were explored. One path, we call DC forwards remagnetization, consisted of making remanence measurements with the applied field parallel to the original saturating field. For the second path we perform DC backwards remagnetization, where the applied field is antiparallel to the original saturating field. The AC demagnetized state was obtained by applying an alternating field that was decreased in magnitude. Lastly, we performed a thermal demagnetization for the SmCo and Ni wire by heating each sample above the Curie temperature and then cooling in zero field; this state is thus expected to be statistically random. The SmCo was thermally demagnetized at a temperature of 960°C, which is above its Curie temperature of 825°C but below its sintering temperature of 1050°C [9, 10] . The nickel was thermally demagnetized at 400°C, above its Curie temperature of 358°C [9] .
Results and Discussion
A summary of this study is presented in Figure 1 . We first note that samples with demagnetization factors between 0.05 to 0.5 were measured, and no significant difference between the data sets for a given sample was found. In what follows, we will discuss the Henkel plot for each type of demagnetization state after the following few general comments. First, the magnetization process for metallic ferromagnets is different from particulate media. In the metallic ferromagnetic case, the magnetization processes occurs by the motion of domain walls and their pinning and depinning. Second, we do not anticipate the ferromagnetic exchange interaction to play a major role since it is a short range interaction and the various regions are separated by domain walls. This means one would not expect the Henkel plots to be effective at exhibiting positive or magnetizing exchange interactions. A model that considers only the exchange energy would result in Henkel plots consisting of mostly straight line segments. Therefore the presence of anisotropy energies, the dipolar interactions between the domains, the distribution of wall pinning energies, and domain wall motion would therefore be responsible for the general shape the Henkel plots. A last comment is that the same set of demagnetization remnance data is obtained independent of the path to zero magnetization. Now turning to the DC backwards data, since the zero magnetization state was produced by application of a field in this direction it is not surprising that there is no significant change in the remanance until fields larger than this field are applied. This explains the abrupt initial drop in the DC backwards demagnetization curves in Figure 1 . The straight line behavior after the initial drop indicates a lack of sensitivity to dipolar interactions and domain wall pinning energy distributions. This picture, however, does not address the behavior of the SmCo and Ni transition to a straight line at lower fields. One possibility is there is an asymmetry in the pinning fields of the domain walls, i.e., the difference in the pinning energies is possibly due to a difference in the barrier heights of the pinning process. This effect is known as domain controlled nucleation, and is especially strong in SmCo [9] .
The shape of the DC forwards demagnetized Henkel plots consistently deviated the most from the simple prediction. This is because in DC forwards demagnetization, domains with walls whose pinning energy is small are aligned against both the field and domains with walls of high pinning energy. In this case, the energy of the dipolar interactions and applied field become greater than the domain wall pinning energy present in the noninteracting case (just the Zeeman energy from the applied field). This suggests that domain walls are unpinned at lower applied fields than expected in the noninteracting limit. We do not see this nonadherence in the DC backwards case because dipole interactions from domains whose walls with lower pinning energy produce weaker dipole fields, so this effect does not play a role in DC backwards adherence.
The AC and thermally demagnetized samples would be expected to only reflect dipolar interactions and wall pinning energy distributions. As seen in the data, they are reasonably close to the straight line expected if there were no interactions. The larger deviations from this are the AC demagnetized plots.
In general the results in figures 1a and 1b display clear qualitative behavior for all four zero magnetization processes to what was seen in Monte Carlo simulations by using the Moving Preisach Model [4] . Specifically, these simulations show that DC backwards adheres well with the models, AC demagnetization curves downward from prediction and has a somewhat linear region in the middle, and DC forwards demagnetization curves down from the prediction with a slight bend towards the right hand side of the Henkel plot.
Monte Carlo simulations have also shown that isotropic materials or materials with cubic anisotropy deviate more from Wohlfarth's theory than materials with uniaxial anisotropy for AC and thermally demagnetized samples [1] . The AlNiCo 5 (uniaxial anisotropy) is closer to the predicted Wohlfarth curve than AlNiCo 2 (isotropic) in states prepared using both AC and DC demagnetization. This behavior can be understood by recognizing that uniaxially anisotropic materials are forced to align either along or against the easy axis, and isotropic materials are not.
Conclusion
In each material, distinct Henkel curves were found for each type of demagnetization path as expected. Materials with stronger uniaxial anisotropy (AlNiCo 5) exhibited behavior closer to prediction than isotropic materials (AlNiCo 2). The Henkel plots most similar to Wohlfarth's model were those for the DC backwards and thermal demagnetization.
One can assume that the interactions of both the applied field and harder domains created a higher effective field on the lower pinning energy wall the and therefore the DC Forwards demagnetization consistently fell well below the expected line. Additionally, the AC demagnetization curve was different from the thermal demagnetization for the SmCo and Ni from which one can conclude that AC demagnetization and thermal demagnetization will not produce the same Henkel plots.
